The relation between changes in blood pressure and changes in autonomic activity over a very short period of time has not been reported thus far. To examine this relation, we here introduced a new method of power spectrum analysis with wavelet transformation, which has very fine time resolution and is able to assess changes in autonomic activity quantitatively even during movement. Our subjects were 15 hypertensive and 17 normotensive subjects. A head-up tilt test was performed in all subjects, and during the test, electrocar- 
Introduction
Fainting, dizziness, and lightheadedness upon standing are frequent complaints of elderly hypertensive patients. The major reason for these phenomena is a fall in blood pressure.
More than 10% of elderly hypertensive patients are reported to show orthostatic hypotension ( 1 , 2 ) . The principal causes of orthostatic hypotension are dysautonomia, vasovagal reaction, cardiac dysfunction, and hypovolemia. The role of autonomic responses, including baroreflex sensitivity (BRS), as a consequence of postural change has been well reported. More than 20 years ago, it was reported that heart rate variation and the initial heart rate response to standing are under vagal control ( 3 ) and that the heart rate rise after head-up tilt was delayed by 10 s in diabetic patients with autonomic neuropathy compared with healthy controls ( 4 ). James and Potter ( 2 ) reported that BRS evaluated by responses to the Valsalva maneuver, phenylephrine, and sodium nitroprusside was well correlated with maximum blood pressure fall within 3 min after head-up tilt in elderly hypertensive patients. They concluded that an inadequate baroreflex-mediated heart rate response is a cause of postural fall in blood pressure. However, the simultaneous changes in blood pressure and autonomic activities in a short time period have not been adequately investigated, and it is unclear whether autonomic disturbance and BRS could contribute to blood pressure fall right after standing.
It has been well established that power spectrum analysis of cardiovascular fluctuations is a useful method of assessing autonomic activity and cardiovascular diseases ( 5 , 6 ) . However, quantitative assessment of this phenomenon, especially by means of observations made immediately after standing, has been difficult, because assessing changes in autonomic activity with good time resolution in an unsteady state requires the use of problematic methods. For example, fast Fourier transformation (FFT), the method most commonly used to analyze variability, requires that the subject remain in a stationary state for more than a few minutes in order to calculate the power spectrum, because of its mathematical limitations. Therefore, we introduced wavelet transformation to the time-frequency analysis of cardiovascular fluctuation. Wavelet transformation is a useful method to measure instantaneous changes of variability even in an unsteady state, and also has the ability to detect autonomic activity quantitatively ( 7 -9 ) .
It has been well accepted that the high frequency (HF) component of heart rate variability (RR-HF) represents vagal parasympathetic activity ( 10 ) . However, the physiological interpretations of the low frequency (LF) component, very low frequency component, and LF/HF are controversial. Previous studies ( 11 -14 ) , including ours ( 15 ), using rats have shown that the LF of systolic blood pressure (SBP-LF) reflects sympathetic autonomic activity in resistance vessels. In the present study, using SBP-LF and RR-HF analyzed by wavelet transformation, we quantitatively assessed the changes in autonomic activity by head-up tilting with fine time resolution, to clarify whether an insufficient response of the autonomic nervous system, including BRS, contributes to the blood pressure fall immediately after standing in elderly and hypertensive patients.
Methods

Subjects
Seventeen normotensive subjects (11 men and 6 women) and fifteen untreated hypertensive patients (8 men and 7 women) were enrolled to investigate the cardiovascular response, including fluctuations, during head-up tilt. The mean ages were 55.0 ± 16.2 and 56.9 ± 15.4 (mean ± SD) years, respectively. We excluded patients with neurally mediated syncope previously diagnosed by head-up tilt test. Patients with frequent paroxysmal beats (more than 6 beats/min) were excluded because the system of power spectrum analysis is not programmed to analyze the electrocardiogram of atrial fibrillation cases, though it is robust to noise. Informed consent was obtained from all subjects. In hypertensive patients, all cardiovascular agents were withdrawn for at least 1 week before the head-up tilt testing.
Experimental Procedures
After the electrocardiogram leads were attached to the patient's chest and the tonometry apparatus was attached to the patient's left wrist over the radial artery, the patient lay down in the supine position on a tilting bed that could be adjusted electrically. Allen's test was performed before the head-up tilt test. After 15 min in the supine position for stabilization, the patient was gradually tilted up to a 60 ° head-up position for 15 min. Forty seconds were required for tilting from the supine position to the 60 ° head-up position. The blood pressure and RR interval of the electrocardiogram were Fig. 1 
Recording Apparatus
Electrocardiogram and blood pressure were measured and recorded continuously during the test. One of the limb leads of the electrocardiogram and the shape of arterial blood pressure obtained by the tonometry method were both displayed on the screen of a non-invasive blood pressure monitor (BP508; Nippon-Colin Co., Ltd., Tokyo, Japan) and on the monitor of the computer equipped with Fluclet ™ analysis system (Dainippon Sumitomo Pharmaceutical Co., Ltd., Suita, Japan). Tonometry is a recently developed method for measuring beat-to-beat blood pressure non-invasively. The tonometry apparatus contains a sensitive sensor, and by placing the sensor on the radial artery, changes in pressure are conducted to the apparatus, transformed into electrical signals and shown on a monitor. Blood pressure and electrocardiographic signals are transmitted through an analog-to-digital converter to a computer. In the present study, the Fluclet ™ system executed on a computer was used to analyze blood pressure and electrocardiographic signals, and power spectrum analysis was performed to estimate autonomic nervous activity. The Fluclet ™ system newly adopted continuous wavelet transformation, resolution of overlapped components (ROC), noise-rejection, and a weighted digital filter. These functions improved the time-resolution and the quantitative estimation of autonomic nerve activity.
Power Spectrum Analysis Using Wavelet Transformation
Using the Fluclet ™ system, power spectrum analysis of RR and SBP fluctuations was performed and the periodograms were obtained using the continuous wavelet transformation method every 0.1 s. ROC was then applied to the periodogram in the analytical frequency range of 0.02-2.00 Hz. ROC precisely estimated overlapped components in the periodogram, such as very low frequency, LF and HF components (Fig. 1) . The peaks of the LF and HF components were assumed to be within the following frequency ranges: LF: 0.04-0.15 Hz; HF: 0.15-2.00 Hz. The amplitude of each component was defined as the area under the curve with ROC. The weighted mean of each value was calculated using a dig-
Fig. 2. Representative sequential data of SBP, RR, SBP-LF and RR-HF during the 30 min before and after head-up tilt test in a non-elderly, normotensive subject. Representative data are recorded for a 35-year-old normotensive man. The lower panels show details of the changes in SBP-LF and RR-HF for the 120 s following head-up tilting. All variables fluctuated even under static conditions on the bed before tilting. The graphs of RR-HF and SBP-LF show traces of data every 5 s.
ital filter every 5 s. We previously reported that RR-HF and SBP-LF calculated using Fluclet ™ represents a quantitative marker of atropine-sensitive parasympathetic and prazosinsensitive sympathetic activity in rats, respectively ( 11 ). Our previous data using rats showed that decrease in SBP-LF correlated more tightly with the dose of phentolamine than the decrease in RR-LF or RR-LF/HF. We have further confirmed that these variables represent autonomic activity in 6 normal volunteers (28 ± 2 years old) using atropine and bunazosin (1 mg and 2 mg), an α -1 receptor blocker (data not shown).
Baroreflex Sensitivity
BRS was estimated by transfer function analysis between variations in SBP and RR in the LF component that are believed to originate from the characteristics of the blood pressure control system itself ( 15 ) . The transfer function was computed as SBP_RR-LF/SBP-LF-F, where SBP_RR-LF is the LF component of the cross spectrum between SBP and RR, and SBP-LF-F is the LF component of the power spectrum of SBP fluctuation obtained using the Fourier transformation method.
Statistical Analysis
Statistical analysis was performed using StatView software (Abacus Concepts Inc., Berkeley, USA). The effects of aging and hypertension on each parameter were analyzed by twofactor analysis of variance (ANOVA), followed by Fisher's protected least significant difference test. Interactions between the effects of head-up tilt and hypertension or aging were assessed by two-factor ANOVA with repeated measurements. Comparison of instantaneous changes in parameters every 40 s right after head-up tilt and the effects of hypertension and aging were analyzed by two-factor ANOVA with repeated measurements. Linear regression analysis and stepwise multiple regression analysis were performed as indicated. A value of p < 0.05 was considered to be statistically significant.
Results
Comparison of Power Spectrum Analysis between FFT and Wavelet Transformation
We calculated the power by FFT and the average power by wavelet transformation from sequential 5-min data of heart rate variability and SBP variability from 20 individuals, to Fig. 2 for procedural details.
Fig. 3. Representative sequential data of SBP, RR, SBP-LF and RR-HF during the 30 min before and after head-up tilt test in an elderly, hypertensive subject. Representative data are recorded for a 71-year-old hypertensive man. See the legend of
evaluate the accuracy of power spectrum analysis with wavelet transformation. Spectral power calculated using wavelet transformation showed a strong significant correlation with that calculated using FFT for both RR-HF ( r 2 = 0.943, p < 0.0001) and SBP-LF ( r 2 = 0.935, p < 0.0001).
Detection of Instantaneous Changes in the Power of RR-HF and SBP-LF
Figures 2 and 3 show representative cases of changes in RR interval, SBP, RR-HF, and SBP-LF during the 30 min before and after head-up tilt. As consistently seen in previous studies, RR-HF was decreased and SBP-LF was increased by head-up tilt. As shown in the lower panel of both figures, which depict the data traced each 5 s, our present method using wavelet transformation clearly revealed that the reduction of RR-HF and increase of SBP-LF started immediately after head-up tilting.
Changes in the Average Values of Various Parameters over 15-min after Head-Up Tilting
The average values of data for 15 min before and after headup tilting are shown in Tables 1 (comparison between non elderly and elderly groups) and 2 (comparison between normotensive and hypertensive groups). Paired Student's t -test in all subjects showed that head-up tilting caused significant decreases in SBP, RR interval, RR-HF and BRS, and a significant increase in SBP-LF. Aging affected the maximal blood pressure reduction during the 120 s immediately after head-up tilting, RR-HF before head-up tilting, and BRS before and after head-up tilting. The existence of hypertension affected SBP before and after head-up tilting. Changes in RR interval and RR-HF by head-up tilting showed an interaction with aging.
Instantaneous Changes in Parameters by HeadUp Tilt Test
Instantaneous changes in SBP and RR interval, and % changes in SBP-LF, RR-HF and BRS were traced every 40 s during the 120 s following the head-up tilt test, as shown in Figs. 4 (comparison between non-elderly and elderly subjects) and 5 (comparison between normotensive and hypertensive subjects). Percent changes in RR-HF during the 120 s following head-up tilt were significantly smaller in elderly subjects than in non-elderly subjects (Fig. 4) , and were also smaller in hypertensive subjects than in normotensive subjects (Fig. 5 ). Significant differences in the % changes in RR-HF between elderly and non-elderly subjects were observed as early as the first 40 s following head-up tilt.
Maximum SBP Fall during the 120 s Following Head-Up Tilt
No subject experienced syncope, but 2 of 9 normotensive elderly subjects and 2 of 8 hypertensive elderly subjects showed a more than 20 mmHg fall in SBP during the 120 s following head-up tilt. The maximum SBP fall during the 120 s following head-up tilt was significantly larger in elderly subjects compared with non-elderly subjects ( Table 1 ). The existence of hypertension did not affect the maximum SBP fall ( Table 2 ). Factors that affected SBP fall during the 120 s following head-up tilt were estimated by linear regression analysis. Age, the average RR-HF value over the 15 min before head-up tilting, and the % changes in RR interval, SBP-LF, and RR-HF in the first 40 s and the % decrease in BRS in the first 80 s were significantly correlated with maximum SBP fall (Table  3) . Age and the % decrease in RR-HF in the first 40 s were significantly correlated (r= 0.40, p= 0.045). We also performed a stepwise multiple regression analysis of determinants of maximum SBP fall during the 120 s following headup tilt with age and instantaneous changes in SBP-LF, RR-HF and BRS at 40 s after head-up tilt as confounding factors. Based on the results, only the % decrease in RR-HF at 40 s was enrolled in the model (F= 10.3, r= 0.56, p= 0.004).
Stepwise analysis with age, the average RR-HF value over the 15 min before tilting, and the % changes in RR-HF at 40 s as confounding factors yielded the same result.
Discussion
Usefulness of Power Spectrum Analysis Using Wavelet Transformation
The present study demonstrated that power spectrum analysis with wavelet transformation provides useful indices of parasympathetic activity and bunazosin-sensitive sympathetic activity in resistance vessels in humans. The parameter RR-HF is well accepted as an index of parasympathetic activity (10) . In contrast, there is some controversy regarding the estimation of sympathetic activity using cardiovascular variability (10) . The LF component of the RR interval, when expressed in normalized units, may be considered as a quantitative marker of sympathetic modulation (16) , and the LF/ HF ratio is considered by some investigators to mirror sympatho/vagal balance or to reflect sympathetic modulation (17) . Regarding fluctuation of blood pressure, the LF component of SBP is reported to be a convenient marker of the sympathetic modulation of vasomotor activity (11) (12) (13) (14) (15) . We chose this parameter in this experiment because modulation of vascular tone is more important in evaluating the relation with NT, normotensive; HT, hypertensive; other abbreviations are the same with those in Table 1 . p values of NT vs. HT represent results of two-factor ANOVA. p values of interaction of pre/post represent probability of interaction of tilting with existence of hypertension by ANOVA with repeated measurements, respectively. Underlined p values mean statistical significance. *p<0.05 and **p<0.01 represent statistical differences between pre and post in each group analyzed by paired Student's t-test. Data are presented as means±SEM.
orthostatic hypotension.
Since the fine time resolution of wavelet analysis was mathematically ensured, it became clear in this analysis that the calculated RR-HF, SBP-LF and BRS values following head-up tilt began to shift to a different state within 40 s, which is the exact amount of time required for tilting the bed from 0 to 60°. The instantaneous increase in SBP-LF following head-up tilt is compatible with the response of muscle sympathetic nerve activity recorded from the peroneal nerve using the microneurography technique in previous reports (18, 19) .
Regarding the detection of instantaneous changes in cardiovascular fluctuation, FFT is unsuitable because of its mathematical limitations. In fact, complex demodulation (20, 21) , the short-time Fourier transformation (STFT), smoothed pseudo Wigner-Ville distribution (SPWVD) (22, 23) , and filtering SPWVD compensation are reported to be useful methods to analyze instantaneous changes in the power spectrum of heart rate variability (24) (25) (26) . Chang et al. (25) reported that filtering SPWVD compensation and discrete wavelet transformation show less spectrum interference from the transient component compared with STFT and SPWVD.
Blood Pressure Fall Immediately after Standing and Autonomic Regulation
Blood pressure fall immediately after head-up tilting was affected by aging as reported previously. The lack of an effect of hypertension on blood pressure fall in the present study may have been related to the relatively mild blood pressure in our hypertensive subjects: 141±5 mmHg in the supine position. In a similar way, the indices of the autonomic system in the supine position were not different between hypertensive and normotensive subjects. Instantaneous responses to headup tilting in the autonomic system, however, were significantly impaired in hypertensive subjects. Importantly, there were significant differences in the patterns of the % change of RR-HF within 120 s following head-up tilt between normotensive and hypertensive subjects and also between non-elderly and elderly subjects. Indices of autonomic activity were significantly changed within the first 40 s after tilting in normotensive subjects and non-elderly subjects. In hypertensive patients and elderly subjects, these changes were delayed by 40 s. Furthermore, the findings of a significant correlation between maximum fall in SBP within 2 min and age or several variables in the first 40 s (% changes in RR interval, SBP-LF, and RR-HF) suggest that fainting and dizziness following standing are partly related to aging and insufficient autonomic activity responses. Although these variables interact with each other, we newly demonstrated that the % change in RR-HF in the first 40 s following head-up tilt was the most important factor determining the maximum fall in SBP, using stepwise multiple regression analysis.
The physiological mechanism of the fall in blood pressure after standing is pooling of body fluid in the lower limbs and visceral organs, which results in a reduction of venous return to the right atrium. The decline of the reflection component of pulse pressure is also recognized to be related to orthostatic hypotension (27) . Counter-regulatory mechanisms to avoid an exaggerated hypotensive response are modulated by activation of the baroreceptor response, an increase of vascular tone by sympathetic nervous activation and an increase of heart rate by vagal suppression. The present study suggests that orthostatic hypotension immediately after standing is related to insufficient suppression of vagal activity. An impaired vagal response may be dependent on a low level of RR-HF power already at the basal level. A fall in blood pressure after standing can also be caused by insufficient vagal suppression; such suppression may be caused by impaired baroreceptor function, a condition frequently reported in elderly hypertensives (2) . The present study showed significantly lower levels of BRS in the elderly group than in the non-elderly group, in agreement with a previous report (28) . The mechanism responsible for the decrease in BRS during head-up tilt is thought to involve parasympathetic nervous system withdrawal resulting in a reduction of available vagal nerve activity with which to regulate heart rate (29) (30) (31) (32) . Furthermore, O'Leary et al. reported that head-up tilt caused an increase in sympathetic BRS and a decrease in cardiovagal BRS (33) . Therefore, the present method of BRS estimation with the transfer function analysis between variations in SBP and RR in the low frequency component might be inappropriate to judge sympathetic regulation during head-up tilt.
Perspective
The postural fall in blood pressure in elderly hypertensive subjects is a clinically important issue (34) . The present study and previous studies provide evidence that impairment of BRS and of parasympathetic regulation are the major mechanisms of the postural fall in blood pressure, especially within 2 min immediately after standing. A recent report on heart rate variability indicated the importance of RR-HF power in improved outcome by β-blockers in patients with heart failure (35) . We conclude that the present wavelet-based analysis is a simplified and convenient method to evaluate the effect of vagal activity on postural blood pressure fall and the instantaneous response of autonomic regulation.
